The transformation of formally productive coastal areas into barren ground is a serious problem in Japan and worldwide. Although several factors have been proposed for this phenomenon, this study especially focused on the effect of lack of dissolved iron in limiting the growth of seaweed beds. A method has been developed where a mixture of steelmaking slag and compost including humic substances, is supplied to seawater in order to stimulate seaweed bed restoration. This method increases dissolved iron concentration, since complexes called iron-humates are formed from the iron in steelmaking slag and the humic substances in compost. In this study, an evaluation was made whether humic substances increases dissolved iron concentration. A laboratory based iron elution test using seawater was attempted. Three kinds of samples were evaluated for iron elution namely, steelmaking slag in isolation, compost in isolation, and a mixture of steelmaking slag and compost. The change in dissolved iron concentration using each method was monitored over time. We found that the iron elution rate was more rapid within the mixture of steelmaking slag and compost than that in the steelmaking slag. Results of the study indicated that the structural characteristics of the humic substances were related to the increased iron elution from steelmaking slag. The method of using a mixture of steelmaking slag and compost was more effective not only for increasing dissolved iron concentration within seawater, but also for extending the life time of Fe elution.
Introduction
Seaweed depletion within previously productive coastal areas, forming so called "barren ground", is serious problem in Japan and throughout the world. 1) Barren grounds have a negative effect on not only natural coastal environments, but also on the productivity of fisheries. There are many possible causes that could account for the generation of barren grounds, such as the rise of seawater temperature 2, 3) and grazing by algophagous animals. 4, 5) Within recent times, the effect of a lack of dissolved iron in limiting seaweed growth has been receiving increasing attention. [6] [7] [8] [9] Iron (Fe) is an essential element required for the growth of seaweeds, together with nutrients such as nitrogen and phosphorous. A major factoring leading to limiting dissolved Fe is that Fe(II) is easily oxidized to Fe(III) within seawater, and the solubility of Fe(III) is low. However, complexes of Fe with dissolved organic matter, such as humic substances (HSs), can exist within seawater as dissolved matter. 10) It has been theorized that the lack of dissolved Fe within coastal waters is a product of decreasing supply of Fe from land to sea areas due to anthropogenic activities, such as the construction of bank protection and dams. 10) The method for restoring barren grounds into seaweed beds within coastal areas has been developed using steelmaking slag (hereafter referred to as slag) and compost including HSs. 11, 12) Complexes of Fe(II) with HSs (iron-humate) can be produced by the mixture of slag and compost (hereafter referred to as the Fe supply unit). The effectiveness of this method was confirmed in a field test conducted within a coastal area of the Japan Sea in Hokkaido, Japan. 12) Fundamental studies have been conducted for understanding the formation of iron-humate and its binding ability, such as conditional binding constants and binding capacities. 12, 13) Fulvic acids (FAs) and humic acids (HAs) extracted from the compost sample utilized within an actual field test, 14) were used in the study.
13) The characteristics of the structures of FAs and HAs used has been evaluated, as well as the binding ability of Fe(II)-FA and Fe(II)-HA complexes. 13) However, a greater understanding of the effect of HSs for increasing dissolved Fe concentration within seawater is required. The objective of this study was to evaluate the characteristics of Fe elution from the mixture of slag and compost. We investigated the characteristics of Fe elution ISIJ International, Vol. 52 (2012), No. 10 process and the lifetime of the slag-compost mixture.
Experimental Methods

Fe Elution Test
The following three samples were used in this study: 1) Slag in isolation.
2) Compost in isolation.
3) The mixture of slag and compost (volume ratio of 1:1). Within the field tests, the volume ratio of slag:compost within a Fe supply unit was 1:1. Samples 1 and 2 were also examined in this study so as to increase understanding of the effect of the mixture of slag and compost. The composition of the slag is listed in Table 1 . The surface of the slag was covered with CaCO3 by carbonation arrangement in order to reduce the alkaline elution.
13) The compost used in this study was produced from waste wood (bark) utilizing a composting accelerator (Tateyama Engineering Co., Ltd.). The accelerator was derived by fermenting sewage sludge containing microorganisms capable of growth in an anaerobic environment, along with aerobic microorganisims. 13) Fe elution tests were carried out as a batch process in small glass tanks (340 W × 200 × 245 H (mm)) using seawater. A tank was used for each of the slag, compost and slag and compost samples, as well as one tank used as a blank. The weights of slag (diameter: 0-2 mm) and compost (diameter: 0-2 mm) used in the samples were 40 g and 17 g, respectively. However, the volume of slag and compost used in the samples were the same (V). The characteristics of the three samples are listed in Table 2 . The three samples were placed in small mesh bags and added to the small tanks along with 11 l of seawater. Seawater was sampled within the Ariake Sea on the side of the Fukuoka Prefecture, the eastern part of Omura Bay in the Nagasaki Prefecture, and the eastern part of Tsushima in the Nagasaki Prefecture. The formation of barren grounds is a serious problem within Omura Bay and Tsushima. Fe elution tests were carried out treated with aeration (GEX e-AIR 100S) at room temperature as a batch process. The quantity of the light was not controlled. Dissolved total Fe concentration was analyzed using the spectrophotometric method that uses 1, 10-phenanthroline. Total dissolved iron was reduced to Fe(II) as 1, 10-phenanthroline can be combined with Fe(II) and can subsequently be analyzed at a wavelength of 510 nm using a spectorophotometer (Jasco V-560). Fe concentrations were monitored every 10 days.
A Fe elution test in which seawater was exchanged at fixed intervals (defined as a Fe elution test with seawater exchange) was also carried out in order to understand the characteristics of Fe elution more adequately. Omura Bay seawater of 100 mL volume was added to a plastic container. The volume of 0.37 g slag was defined as V'. It was determined that 0.16 g of compost was the same as V'. Four conditions using the samples one to three and the blank were also examined within the experiment. However, the total volume of slag (V'/2) plus compost (V'/2) used in sample three was V'. The diameters and bulk densities of the slag and compost used were the same as those listed in Table 2 . Seawater was exchanged every three days in all the conditions and analyzed for dissolved Fe concentration.
Structural Analysis of HSs
Structural analysis of FAs and HAs were examined using infrared spectroscopy by the potassium bromide disk method. FAs and HAs samples were extracted and purified using the IHSS (International Humic Substances Society) method. 13) FAs and HAs samples of 0.5 mg were mixed with 100 mg KBr and analyzed using fourier transform infrared spectroscopy (FTIR, Jasco FT/IR 640) Figure 1 shows the characteristics of Fe elution in Ariake Sea seawater using the three samples namely, slag (sample 1), compost (sample 2), and the mixture of slag and compost (sample 3) in a batch type elution test for a duration of 50 days. The initial Fe concentration in all samples was 81.6 μg l -1 . This Fe concentration is over 20 times larger than the Fe concentration found in coastal area barren ground regions in Mashike, Hokkaido.
Results
12) The Fe concentrations in seawater for all the samples showed a decrease during the initial 10 days of the experiment. A possible reason for this phenomenon was considered as follows: Both Fe elution and Fe oxidation and precipitation (Fe oxidation) were promoted within the seawater of the samples. The Fe concentration initially decreased within the samples because the Fe elution rate was less than the Fe oxidation rate. After 10 days, the largest concentration of Fe was shown in sample 3, after . These results show that the Fe elution rate was largest under the condition of sample 3, at least within an initial 50 day period. The Fe elution rate of sample 2 was larger than that of sample 1, although the amounts of total Fe included in slag and compost are 22.2 wt% including 10.7 wt% Fe(II), and 2.55 wt%, respectively. The averaged diameter of compost was thought to be smaller than that of slag used in the experiments, while, the surface area of compost was thought to be larger than that of slag. Furthermore, the differences between slag and compost in terms of density and structure may also have had effects on the Fe elution rate. However, considering the aspects of both the rate and the lifetime of Fe elution, the results indicated that the mixture of slag and compost had an advantage for utilization as a Fe supply unit for seaweed bed restoration. The lifetime observed in sample 2 was less than that seen in sample 3.
The Fe elution rate of sample 3 was 17.1 μg d -1 calculated by the slope of the change of Fe concentration from 10-50 days (Fig. 1) . This is not a "true elution rate", but an "apparent elution rate". The lifetime was calculated to be 14.2 years from the "apparent elution rate" under the condition of 1% Fe elution from slag, 11) although a higher percentage of Fe in slag is predicted to be eluted. The results confirmed that Fe elution from the mixture of slag and compost could be continued with further time duration.
Another factor contributing to the calculated Fe elution rate being different from the true elution rate, was that sterilization treatment of the seawater used was not carried out in this study. Therefore, it is expected that iron uptake by microorganisms such as plankton occurred within the seawater of the tanks. Apparent Fe elution rate is therefore defined as follows: Not only simple substances but also complexes are included within the "Fe oxidation and precipitation rate" in Eq. (I). Although the effect of Fe uptake by microorganisms should be evaluated in detail in future work, the relatively high initial concentrations of Fe (Fig. 1) indicate that the Fe uptake rate was relatively small. However, the Fe oxidation and precipitation rate was relatively large because of aeration during the experiment. In actuality, the Fe concentration within all samples largely decreased from the start of the experiment up to 10 days into the experiment duration (Fig.  1) . Figure 2 shows the dependence of the three kinds of seawater, Ariake Sea, Omura Bay and Tsushima, on Fe elution using sample 3 for a duration of 250 days. The initial dissolved Fe concentrations of Ariake Sea, Tsushima and Omura Bay were 81.6 μg l . The Fe concentrations within seawater of Ariake Sea, Omura Bay and Tsushima showed an increase for the first 50 days and thereafter showed a decreased from 50-100 days, after which the Fe concentrations remained relatively constant.
There is a possibility that Fe uptake by microorganisms as shown in Eq. (I) had an effect on the differences of Fe concentrations observed among the three samples during the period of 50-100 days. Although we cannot explain the reason why Fe concentrations of the three samples decreased rapidly from 45-60 days, the overall tendency of Fe concentration during 50-100 days was one of decrease. The following reason can be considered: The elution process typically shows a large initial amount of elution followed by a gradual stabilization. Since the Fe elution rate became lower than the Fe oxidation and precipitation rate after 50 days, Fe concentrations decreased. After 100 days, the Fe concentration within each condition was almost constant. After 100 days, the mean Fe concentration in seawater of Ariake Sea was 20 μg l . The Fe concentration within the blank condition was <10 μg l -1 after 100 days. These results indicate that Fe elution within the samples continued during the experiment, up to at least 250 days. From the results, it can be predicted that the Fe elution rate was equal to the Fe oxidation and precipitation rate after 100 days, as dissolved Fe for all three samples remained relatively constant. The results confirm that the lifetime of the Fe supply unit was sufficiently long and the degree of Fe elution was increased by the mixture of slag and compost.
The characteristics of Fe elution were evaluated within a batch process (Figs. 1 and 2 ). In addition, a Fe elution test with seawater exchange was carried out to get a better understanding of the Fe elution process. Figure 3 shows the characteristics of Fe elution for the three samples, slag (sample 1), compost (sample 2), and the mixture of slag and compost (sample 3), for a duration of 90 days. Each sample showed a rapidly increasing initial Fe elution rate besides the blank condition. The initial rapid increase was followed by a rapid decrease, followed by a gradual decrease, finally becoming constant. Although the initial Fe concentrations in the sample was different from that shown in Fig. 2 , it must be considered that the sampling time of seawater differed and that Fe concentration in seawater changes seasonally. The order of Fe elution rate in descending order was sample 2, sample 3 and sample 1. This tendency is somewhat different from that shown in Fig. 1 . However, the volume of sample 3 used in the experiment shown in Fig. 1 was twice as large as that used in the experiment shown in Fig. 3 . The Fe elution rate per unit weight and per unit volume of sample 3 was not necessarily the largest in the experiment shown in Fig. 1 . The order of the amount of Fe elution in descending order in the experiment shown in Fig. 3 from 10-50 days as calculated by Fe concentration data is similarly sample 2, sample 3 and sample 1. This result indicates that the amount of Fe elution from sample 2 was the largest of the three samples. Kato et al. conducted a Fe elution test using artificial seawater that had the same conditions as real seawater beside a solid-liquid ratio of 1:10, for a duration of 15 days.
16) The result showed that the amount of Fe elution from the mixture of slag and compost was the largest. However, the amount of samples examined in the case of the mixture was twice as large as the other samples. The weight ratio of the mixture in the study 16) was 1:1 and the proportion of compost used was larger than that used in the experiment shown in Fig. 3 . Their result is consistent with those shown in Figs. 1 and 3 . Table 3 shows Fe elution rate and lifetime of each sample extracted from the Fe elution data shown in Fig. 3 . The averaged Fe elution rate was calculated by Fe concentrations during the period of 39 days from day 42-81. The lifetime was calculated under the assumption that 1% Fe included in unit sample (1 g) was eluted from each sample.
We confirmed that the mixture of slag and compost accelerated the Fe elution rate 5.3 times faster than that in the condition of slag alone. The Fe elution rate in the condition of compost only was larger than that of the mixture, and 14.8 times larger than that of the condition of only slag. This indicates that compost is better than the mixture as a Fe supply sample. However, the compost only condition is at a disadvantage in regard to the lifetime, because the amount of Fe included in the compost sample is only 2.55 wt%. In actual fact, the calculated lifetime of compost was only 0.3 years as shown in Table 2 . In contrast, the lifetime for the condition of the mixture was 5.9 years, which is 20 times larger than that of the only compost sample. Furthermore, the compost only sample facilitates Fe elution easily because the specific gravity of compost is one half or less of that of slag and the averaged diameter is expected to be small.
The results confirmed that the mixture of slag and compost was the most advantageous, given the important points of Fe elution rate and the longtime effectiveness of continuous Fe elution.
Discussion-The Role of Humic Substances in Accelerating Fe Elution
Humic substances accelerate the Fe elution rate by forming complexes with Fe(II) eluted from slag. The following results were obtained in previous works: 12, 13) Although 90% of HSs extracted from compost samples were HAs, FAs were dominantly extracted from compost using artificial seawater.
12) It was predicted that the FA-Fe complex exists dominantly as an iron-humate in coastal environments. In addition, it was indicated that the amount of FA-Fe complexes is larger than the amount of HA-Fe complexes as a result of the evaluation of the binding abilities of the two complexes. It has been confirmed that the conditional binding constants and binding capacities are significantly different for HA as compared to FA, and are related to their structural features as indicated by the results of acidic functional group analysis, elemental analysis and solid-state CP-MAS 13 C NMR spectral data. 13) Further structural analysis was performed in this study using the FT-IR method (Fig. 4) . As for FA, there are distinctive absorption peaks at 1 720 cm -1 and 1 200 cm -1 and also an adsorption peak at 800 cm -1 . The assignments were at 1 720 cm -1 for carbonyl C=O stretching vibration of the carboxylic group, and at 1 200 cm -1 for carboxylic C-O stretching vibration, which corresponds to the absorption at 1 720 cm -1 . 15) This result is consistent with the results of acidic functional group analysis and solid-state CP-MAS 13 C NMR spectral data.
13) The assignment for aromatic and aliphatic C-H was at 800 cm -1 . For HAs, there are distinctive absorption peaks at 2 920 cm -1 , 1 650 cm -1 and 1 050 cm -1 representing aliphatic C-H stretching vibration, aromatic C=C ring stretching, and aromatic C=C ring stretching and C-O stretching of phenol or alcohol, respectively. Furthermore, the analysis of ultraviolet and visible absorp- tion spectrum was carried out in this study. The result showed that the absorptivity at 280 nm (E280) of HAs (28.5) was seven times larger than that of FAs (4.10). The spectroscopic parameter, E280, is generally accepted as serving as an index for the aromaticity of HSs. 17) We found that FAs have a high aromatic property. These results also indicate that the conditional binding constants and binding capacities were related to their structural features, such as acidic functionality.
It was expected that the following representative reactions were promoted in the process of Fe elution from the Fe supply unit. Although actual reactions are reversible, the following reactions were indicated irreversible because only the elution process was considered here. When there are no HSs, equilibrium concentrations of Fe(II) and Fe(III) become small because only reactions (1)-(3) are promoted. The Fe elution rate also become small. When HSs exist in seawater, equilibrium concentrations become large since reactions (4)-(6) are promoted rather than reactions (1)-(3). This results in the Fe elution rate also becoming large. Reactions (5) and (6) are important for increasing dissolved Fe concentrations when the mixture of slag and compost is added to seawater. It was confirmed formally that the structural characteristic of HSs have an effect on the characteristic of Fe elution from the Fe supply unit.
Conclusions
We evaluated the characteristics of the Fe elution process using the mixture of slag and compost in order to increase understanding the role of HSs for accelerating Fe elution rate. Fe elution tests using seawater indicate that the mixture of slag and compost are an advantage for both the rate and the lifetime of Fe elution. It was found that the formation of iron-humate by the mixture of slag and compost accelerates the amount of Fe elution. Although the lifetime is relatively short when only compost is added to seawater, the mixture of slag and compost promotes the lifetime because there is sufficient amounts of Fe included in slag. We formally confirmed in this study that eluted Fe derived from slag combines with a ligand such as the acid functionality found in HSs.
